Abstract The NKG2D activating receptor has been implicated in numerous autoimmune diseases. We tested the role of NKG2D in models of autoimmunity and inflammation using NKG2D knockout mice and antibody blockade experiments. The severity of experimental autoimmune encephalitis (EAE) was decreased in NKG2D-deficient mice when the disease was induced with a limiting antigen dose, but unchanged with an optimal antigen dose. Surprisingly, however, NKG2D deficiency had no detectable effect in several other models, including two models of type 1 diabetes, and a model of intestinal inflammation induced by poly(I:C). NKG2D antibody blockade in normal mice also failed to inhibit disease in the NOD diabetes model or the intestinal inflammation model. Published evidence using NKG2D knockout mice demonstrated a role for NKG2D in mouse models of atherosclerosis and liver inflammation, as well as in chronic obstructive pulmonary disease. Therefore, our results suggest that NKG2D plays selective roles in inflammatory diseases.
Introduction
The NKG2D activating receptor is employed by NK cells for recognition of tumor cells and virus-infected cells. NKG2D is expressed by all NK cells and various T cell subsets, including CD8 + T cells, and fractions of NK1.1 + T cells and γδ T cells. On NK cells, NKG2D can provide a sufficient signal for target recognition. On T cells, the receptor provides co-activating signals in some cases but may also suffice for triggering in the case of T cells exposed to cytokines associated with inflammatory stimuli such as IL-15 [1] [2] [3] [4] . NKG2D binds to each of several cell surface protein ligands, which are self-proteins related to MHC class I molecules. The ligands include MICA, MICB and ULBP1-6 in humans, and RAE-1α-ε, MULT1 and H60a, b and c in mice [1, 2, 5] . Notably, several of the NKG2D ligands can be cleaved from the cell surface by proteases including matrix metalloproteinases (MMPs), which results in the accumulation of soluble ligands in sera from some cancer patients [6, 7] .
Inappropriate expression of NKG2D ligands, if it were to occur in uninfected and untransformed tissue, could cause inflammation and promote autoimmunity. Various lines of evidence suggest roles of NKG2D or its ligands in inflammatory and autoimmune diseases, including rheumatoid arthritis [8, 9] , colitis, celiac disease and other forms of intestinal inflammation [4, [10] [11] [12] [13] [14] , multiple sclerosis [15] , alopecia areata [16] , type 1 diabetes [17] [18] [19] , chronic obstructive pulmonary disease [20] and atherosclerosis and metabolic syndrome associated with type 2 diabetes [21] . In many of these studies, the evidence for NKG2D's role was based on genetic associations or other correlative criteria including the expression of NKG2D ligands and NKG2D + cells in the relevant lesions. In a few cases using mouse models, however, more direct evidence was obtained for a causal role of NKG2D in inflammatory diseases. For example, it was reported that type 1 diabetes was prevented when mice were exposed to antibodies that block NKG2D [17] . Similarly, collageninduced arthritis was prevented in mice treated with NKG2D antibodies [9] . Disease was also inhibited by NKG2D antibody in two models of inflammatory bowel diseases, including a model of inflammation of the small intestine induced by injection of high doses of poly(I:C) [22] and a model of colitis induced by adoptive transfer of naïve CD4+ T cells devoid of regulatory T cells [12, 13] . Two studies have used knockout mice to investigate the role of NKG2D in inflammatory diseases. In one, atherosclerosis and liver inflammation associated with a high fat diet or ablation of pancreatic islet cells in apoE-deficient mice was prevented in knockout mice lacking NKG2D as well as by treating the mice with NKG2D antibodies [21] . In another, severe inflammation accompanying influenza virus infections of mice with cigarette smokeinduced chronic obstructive pulmonary disease was significantly ameliorated in knockout mice, and evidence implicated NKG2D expressed by NK cells in the inflammatory process [20] .
Recently, we generated a mutant mouse in which the NKG2D gene was disrupted by gene targeting [23] . The knockout strain was employed to demonstrate that NKG2D-deficiency results in an increased incidence or acceleration of malignancy in two models of spontaneous cancer, but not in all cancer models studied. As already mentioned, the gene-targeted mice were also employed to demonstrate a major requirement for NKG2D in the development of atherosclerosis and metabolic syndrome, including liver inflammation, in a mouse model of the disease [21] . In the present study, we have employed the gene-targeted mice, and in some cases antibody blockade, to examine the role of NKG2D in several mouse models of inflammatory diseases. A modest role for NKG2D was detected in experimental autoimmune encephalitis (EAE), a mouse model sharing some features with multiple sclerosis. Surprisingly, using knockout mice and in some cases antibody blockade, no role for NKG2D was detected in two models of type 1 diabetes or a model of inflammatory bowel disease, contradicting previous reports.
Methods

Mice
C57BL6/J (B6) mice were purchased from Jackson Laboratories and in some cases bred within the laboratory. NKG2D-deficient mice on the B6 genetic background (B6-Klrk1−/−) were generated in our laboratory [23] , NKD mice (C57BL/6 mice with an NK deficiency due to the integration of a Ly49A transgene) were previously described [24] and kindly provided by Dr. Wayne Yokoyama (Washington University, St. Louis, MO). C57BL/6 mice harboring the BDC2.5 Transgene were previously described [25] and kindly provided by Drs. Diane Mathis and Christophe Benoist (Harvard Medical School, Boston, MA). Seven week old female NOD/ShiLt mice were purchased from Jackson Laboratories (Bar Harbor, Maine). B6-Klrk1−/− mice were backcrossed to the NOD.NK1.1 strain (NOD.B6-(D6Mit254-D6Mit339)/CarJ stock number 004482, Jackson Laboratories, Bar Harbor, ME) as described in the text. Mice were screened for the presence and/or the absence of the targeted Klrk1 gene by PCR as previously described [23] . The presence of the BDC transgene was detected using the primers: BDC 2.5a for: CATGTTTCCCTGCACATCAG, BDC 2.5a rev: CCAGATCCAAAGATGAGTTGC. The presence of the H2d allele was determined using the following primers: LP40 TCTAGAATTCACAGCGACATGGGCGAGC; LP41 TCTAGAATTCCGTAGTTGTGTCTGCACA. All mice were bred and maintained under specific pathogen free conditions at the University of California, Berkeley in compliance with institutional guidelines. Mice were euthanized by CO 2 inhalation in accord with the policies of the office of Laboratory Animal and Care (OLAC) at UC Berkeley.
Antibodies
MI-6 antibody was prepared in the laboratory. The MI-6 hybridoma was grown in a CELLine CL1000 bioreactor (Argos Technologies, Elgin, IL) per manufacturer's instructions and culture supernatants were harvested. After two rounds of ammonium sulfate precipitation and dialysis with a 10 K MWCO Slide-A-Lyzer (Thermo Scientific, Rockford, IL), antibody was purified with Melon Gel per the manufacturer's instructions (Thermo Scientific, Rockford, IL). CX5 antibody was a gift from Novo Nordisk (Copenhagen, Denmark). Control rat IgG was purchased from Jackson ImmunoResearch. The endotoxin content of all antibody preps was b 0.01 ng/mg as tested with the QCL-1000 assay kit from Lonza Inc. (Allendale, NJ). For in vivo blocking, mice were injected i.p. with 200 μg of mAb (CX5 or MI-6) per dose. Treatment regimens are described separately below.
Experimental autoimmune encephalomyelitis
Mice were immunized subcutaneously in two locations on the back with 20 or 100 μg of MOG 
Poly(I:C) treatment
Male mice between 6 and 8 weeks of age were weighed and then injected i.p. with 30 μg/g body weight of HMW (high molecular weight) poly(I:C) (Invivogen, San Diego, CA) in sterile PBS. Mice were monitored and weighed every six hours for 36-100 h. Mice were euthanized if weight loss exceeded 15%.
Type 1 diabetes models
In all of the mouse models studied, blood glucose levels were monitored weekly with a BD Logic blood glucose monitor (Walgreens, Deerfield, IL). Mice were considered diabetic if blood glucose measurements were greater than or equal to 300 mg/dl on two consecutive weekly readings. NOD/ShiLtJ, NOD.NK1.1 and BDC2.5Tg mice were followed until 40, 50 and 30 weeks of age respectively. For NKG2D antibody treatments, NOD/ShiLtJ female mice were injected i.p. twice weekly with 200 μg of antibody or isotype control rat IgG starting at eight weeks of age until the mice were 32 ( Fig. 2 ) or 25 (data not shown) weeks of age.
Results
Role of NKG2D in Type 1 diabetes models
To determine whether the absence of NKG2D affects the course of type 1 diabetes development in the NOD genetic background, we generated NKG2D knockout mice on the congenic NOD.NK1.1 background. NOD.NK1.1 mice [26] have NOD genes at nearly all the loci, except for the genes in or near the NK gene complex (NKC), which are derived from B6 mice. The NKC contains the gene for NKG2D (called Klrk1) as well as many polymorphic genes that influence NK cell functions. We used NOD.NK1.1 for these crosses because the mutant Klrk1 allele in NKG2D knockout mice is from the B6 strain, and we wished to compare Klrk1 +/+ and Klrk1 −/− mice with the same (B6) NKC genes. It was important to do so, because previous studies showed a slightly lower (but still high) incidence of type 1 diabetes in NOD.NK1.1 mice in comparison to conventional NOD mice [26] . Thus, we crossed B6-Klrk1 −/− mice to NOD.NK1.1 congenic mice and backcrossed an additional eight generations. NOD.NK1.1-Klrk1 +/− offspring were then selected and intercrossed. Klrk1 −/− and Klrk1 +/+ NOD.NK1.1 littermates, all of which have B6 type NKC genes, were grouped from numerous matings and used for the subsequent experiments.
T1 diabetes was assessed in each cohort by measuring blood glucose level starting at the age of 12 weeks. As shown in Fig. 1A , neither female nor male NOD.NK1.1 Klrk1 −/− mice exhibited a significantly elevated incidence of disease compared to NOD.NK1.1 Klrk1 +/+ littermates of the same sex (p = 0.86 and p = 0.6 respectively, by logrank test). Blood glucose levels were similar in the two groups of mice, as well ( Supplementary Fig. 1 ). The age at onset for both genders was also comparable in the presence or absence of NKG2D. As previously reported, NOD.NK1.1 females exhibited a generally higher incidence of disease compared to males [26] , and this was true regardless of the status of the Klrk1 gene (Fig. 1A) . Thus, the absence of Klrk1 did not appreciably alter diabetes development in the NOD.NK1.1 background.
To extend the analysis of type 1 diabetes, we examined whether NKG2D-deficiency impacts disease development in the BDC2.5 transgenic model [27, 28] . These mice express a 
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Klrk1+/+ n=48 BDC2.5Tg Klrk1+/− mice. These mice were intercrossed to generate a first generation of BDC2.5 H-2 g7/b Klrk1+/+ and Klrk1−/− mice that were included in the study. Some of these mice were also used for further crosses to generate more BDC2.5 H-2 g7/b Klrk1+/+ and Klrk1−/− mice, also included in the study. As previously reported for H-2 g7/b heterozygous BDC2.5 mice [27] , the incidence of diabetes in the Klrk1+/+ mice was relatively low, approximately 21% (Fig. 1B) . In Klrk1−/− mice, disease incidence was not significantly different (approximately 28%, p = 0.31) (Fig. 1B) , nor was the pattern of blood glucose levels ( Supplementary Fig. 2 ). Hence, we observed no indication that NKG2D deficiency alters the course of diabetes development in either the BDC2.5 or NOD.NK1.1 models.
Given the discrepancy between our results on a NOD. NK1.1 background with those obtained in a model of NOD mice using NKG2D antibody blockade [29] , we compared the incidence of diabetes in conventional NOD mice treated with two different clones of NKG2D monoclonal antibodies, MI-6 [30] and CX5 [29] , the latter corresponding to the same antibody used in the earlier study [29] . NOD/ShiLtJ female mice were treated between 7 and 32 weeks of age with NKG2D antibody or control rat IgG, using high doses of antibody and the same treatment regimen used previously [17] . Neither antibody delayed the onset of T1 diabetes, caused a decrease in the overall incidence of type 1 diabetes ( Fig. 2A) , or reduced blood glucose levels ( Supplementary  Fig. 3 ) compared to mice treated with control IgG. A repeat experiment also failed to detect reduced disease with NKG2D antibody blockade (data not shown). A control experiment using B6 mice demonstrated that treatments with either the MI-6 or CX5 antibodies against NKG2D blocked rejection of a subcutaneously transferred tumor cell line transductant expressing RAE-1β (Fig. 2B) . The tumor cells were rejected in mice treated with control IgG, but grew in antibody-treated mice with the delayed kinetics similar to tumor growth in Klrk1 −/− mice. Therefore, the antibodies were effective in blocking NKG2D under similar in vivo conditions. In conclusion, these analyses failed to detect a role for NKG2D in promoting type 1 diabetes and were therefore in agreement with the results from analysis of Klrk1 −/− mice.
Role of NKG2D in Poly(I:C)-induced injury of the small intestine
Intraperitoneal injection of mice with high doses of poly(I:C) induces acute mucosal injury of the small intestine, manifested by rapid weight loss and villus atrophy [22, 31] . The process is partially dependent on IL-15 and was associated with increased expression of the NKG2D ligand RAE-1 by intestinal epithelial cells. Reportedly, intestinal injury was inhibited by treating mice with NKG2D antibody, suggesting a role for NKG2D in the process [22] . To address whether poly(I:C)-induced disease is altered in the absence of NKG2D, B6-Klrk1 −/− and B6-Klrk1 +/+ littermates were treated with poly(I:C) and assessed for weight loss. Poly(I:C) treatment induced 10-20% weight loss in the Klrk1 −/− mice, which was not significantly different than the weight loss observed in Klrk1 +/+ control mice (Fig. 3A) . Occasionally, mice in one or another group in this and other experiments had to be euthanized because of severe weight loss, but this occurred equally in both the Klrk1 +/+ and Klrk1 −/− groups and did not bias the data. The remaining mice recovered by 96 h after treatment. In conclusion, poly(I:C)-induced injury did not require the intact NKG2D gene.
To address whether NKG2D antibody blockade prevents poly(I:C)-induced intestinal injury, groups of B6 mice were treated with high doses of either MI-6 or CX5 NKG2D antibodies, or control rat IgG, during and after treatment with poly(I:C). Considerable weight loss occurred in response to poly(I:C) treatment, whether or not the mice were treated with either of the NKG2D antibodies (Fig. 3B) . Similar to the analysis of NKG2D knockout mice, the antibody blockade experiments failed to detect a role for NKG2D in promoting poly(I:C) induced disease.
NKG2D contributes to the severity of experimental autoimmune encephalomyelitis (EAE) under limiting conditions
To assess whether NKG2D deficiency influences the development of EAE, groups of Klrk1 −/− and Klrk1 +/+ females, both from intercrosses of Klrk1 +/− parents, were subjected to a standard EAE induction protocol, in which they were immunized with 100 ug MOG peptide in CFA and pertussis toxin. In three independent experiments, we observed little or no difference in clinical score between the experimental groups (Fig. 4) , although there was a small but statistically significant decrease in clinical score in the Klrk1 −/− mice in one of the three experiments (Fig. 4, Expt 2 , p = 0.0006). The possibility that NKG2D plays a minor role was suggested by the results of a pilot experiment using a suboptimal preparation of pertussis toxin, where we observed substantially lower overall clinical scores and significantly less disease in the Klrk1−/− mice (data not shown). To determine whether NKG2D plays a role in disease under limiting conditions, we repeated the induction protocol with the optimal pertussis toxin preparation, but with a limiting dose of MOG peptide (20 
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Mean clinical score ug/injection) (Fig. 5 ). Under these conditions we observed lower overall disease scores over the course of the analyses in wildtype mice, as expected. Importantly, in both experiments performed, we observed significantly lower disease scores in the Klrk1−/− mice compared to Klrk1+/+ littermates, showing that NKG2D plays a role in EAE under limiting conditions (Fig. 5 , Expt 1 and 2, p b 0.0001 and p =0.0007, respectively).
In an attempt to corroborate the role of NKG2D in EAE under limiting conditions, we attempted to block NKG2D in vivo with antibodies during the disease induction protocol. When we injected antibodies intraperitoneally during the EAE induction protocol we observed substantial mortality, even in groups treated with control IgG. Independent batches of both control rat IgG (from different companies) or NKG2D antibodies had the same effects (30%-70% mortality), arguing against contamination of the antibodies with toxins (data not shown). A published report suggested that the toxicity may result from anaphylaxis when mice are exposed to foreign proteins in the presence of pertussis toxin and adjuvant [32] . In any case, these toxic effects precluded an unbiased analysis of the effects of NKG2D antibodies on the development of EAE.
Toxicity accompanying injection of antibodies suggests that antibody-mediated depletions may result in unreliable findings in the context of the EAE protocol, which may account for contradictory conclusions of different studies that NK cells either promote or inhibit EAE [33] [34] [35] . As an alternative approach to test the role of NK cells in EAE, we compared WT mice with the NKD transgenic mouse strain generated in the Yokoyama lab, which is nearly devoid of mature NK cells [24] . Using the optimal EAE induction protocol (100 μg MOG peptide) in two replicate experiments, EAE developed with significantly slower kinetics in NKD mice compared to nonTg littermates (Fig. 6) . These data support the conclusion that NK cells contribute to the severity of EAE, rather than inhibiting it.
Discussion
The studies herein have investigated the role of NKG2D in several mouse models of inflammatory and autoimmune disease. The results, when taken together with previously published results, suggest that NKG2D plays a selective role in inflammatory diseases. Specifically, we failed to detect a role for NKG2D in two models of type 1 diabetes, or in a model of inflammatory intestinal injury induced by poly(I:C). In contrast, a significant role for NKG2D was detected in the EAE model, but only under limiting conditions. With our collaborators, we previously employed NKG2D knockout mice and antibody blockade studies to demonstrate a substantial role of NKG2D in atherosclerosis and metabolic syndrome [21] , as well as in chronic obstructive pulmonary disease [20] . Other groups, using antibody blockade, reported a role for NKG2D in a transfer model of colitis [12, 13] and in the collagen-induced arthritis model [9] .
Why NKG2D interactions are necessary to promote some inflammatory diseases but not others remains unclear. One possibility is that it reflects redundancy in activating signals that induce disease, such that other activating signals suffice to promote disease even in the absence of NKG2D interactions. Such redundancy may also apply or not depending on the induction protocol, which could explain why NKG2D has little influence on EAE incidence under optimal induction conditions (100 μg MOG) but a greater role under limiting conditions (20 μg MOG peptide). Another possibility is that although ligand expression occurs in certain inflammatory conditions, immune cells are not activated via NKG2D because they are not recruited efficiently or are exposed to suppressive conditions in the local environment. Notably, however, results in a recent paper using transgenic mice expressing NKG2D ligands ectopically in the pancreas suggested that NKG2D ligands themselves have the potential to recruit NKG2D + CD8 T cells into the pancreatic islets [36] . A third possibility is that ligand induction occurs in some diseases or conditions, and not others. In the atherosclerosis/ metabolic syndrome model, for example, it was proposed that specific metabolites that accumulate in these conditions, such as oxidized low density lipoproteins and advanced glycation endproducts, are responsible for inducing ligand expression. Such inducers may be absent in the context of certain other inflammatory diseases. It was reported, however, that ligand expression can be detected in both the NOD type 1 diabetes model [17] and in the poly(I:C) intestinal injury model [22] , arguing against this explanation. A fourth possibility is that the release of soluble NKG2D ligands from inflamed tissues differs in these different syndromes, resulting in the differential modulation of NKG2D-dependent responses [8, 15, 37] . Finally, in the presence of NKG2D ligands, dysfunctions in the signaling pathways of NKG2D-expressing cells could impair the functionality of the cells as has been proposed in other studies [18, 29] . It remains unclear why our results differed from published results in the mouse NOD diabetes model and the poly(I:C)-induced intestinal injury model. In those models we observed no inhibition of disease in NKG2D knockout mice or in mice treated with NKG2D antibodies, whereas the previously published results employed antibody blockade only [17, 22] . It is possible that differences in the microbiota or the housing of the mice can account for the discrepancies [38] ; if so it would suggest that NKG2D's role is incidental to the main processes leading to autoimmunity. Undetected infections could also play a role, given recent evidence that viral infections may interact with other diabetes-inducing conditions to promote diabetes [19] . Finally, it is conceivable that the antibody preparations led to misleading results because they contained trace amounts of microbial or other products, or antibody aggregates that crosslink NKG2D and therefore cause activation of the receptor and unanticipated biological effects. Our antibody preparations failed to induce detectable activation of NK cells in vivo, as determined by assessing NK cell activation ex vivo (data not shown), but other preparations may behave differently.
The finding that EAE is diminished in NKG2D-deficient mice under limiting conditions suggests that NKG2D may play a role in that disease. This conclusion fits with genetic and in vitro studies that have provided suggestive evidence for a role of NKG2D in multiple sclerosis in humans [15, 39, 40] . NKG2D-deficient mice showed reduced disease only under limiting conditions, suggesting the possibility that other activating immune receptors or stimuli can substitute for NKG2D in initiating disease in this model, or that NKG2D plays a secondary role that can amplify inflammation.
We were unable to test the role of NKG2D in EAE using the alternative method of antibody blockade, due to toxicity that may be related to the necessity of exposing mice to pertussis toxin in that disease model. Therefore, it remains possible that the effect of NKG2D-deficiency is indirect. A previous study demonstrated that reduced EAE also occurred in mice lacking the DAP12 signaling adapter molecule [41] , which, along with DAP10, can mediate NKG2D signaling in mice [42] . However, DAP12 signaling also mediates signaling by numerous other NK receptor and myeloid cell receptors [43] , so the relevance of this finding to the role of NKG2D in the disease is uncertain.
Toxicity accompanying injection of antibodies suggests that antibody blockade is an unreliable method in the context of the EAE protocol, and may therefore account for contradictory results that have come from such studies in attempts to determine the consequence of NK cell depletions in the context of EAE [33] [34] [35] . Our new data with the NKD mice suggest that NK cells do in fact exacerbate EAE, as suggested by results in one of the previous publications, and to a similar extent as was observed in that study [35] . In light of the fact that virtually all NK cells express NKG2D, and that NKG2D is a potent activating receptor for NK cells, it is plausible that NKG2D participates in the exacerbation of the disease by directly activating NK cells. However, NKG2D may also act in part in other NKG2D + cell types, including CD8 T cells and NK1.1 + T cells. The relatively minor role of NKG2D in this EAE model makes it difficult to identify the relevant cell types experimentally. Even if NKG2D acts exclusively in NK cells to promote EAE, the data as a whole suggest that other modes of NK cell activation may also play a role, since the effects of NKG2D-deficiency were seen primarily with limiting MOG doses, whereas the effects of NK depletion were seen with optimal MOG doses.
In conclusion, the results argue that NKG2D does not play a substantial role in several models of inflammation, in contradiction to some previous reports, but does play a modest role in EAE under limiting conditions. Previous publications demonstrate an important role for NKG2D in at least two other inflammatory disease models in mice. Further studies comparing these inflammatory conditions should help elucidate specific conditions that determine when NKG2D plays an inductive role in autoimmunity. The results will aid in evaluating which human conditions are good candidates for therapeutic interventions to block NKG2D or its ligands.
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